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We constructed a series of recombinant plasmids containing a kanamycin resistance (Km") cassette upstream
from, within, and downstream from hisT, which encodes the tRNA modification enzyme pseudouridine
synthase I. These Km" insertions were then crossed directly into the bacterial chromosome. We determined
growth characteristics, assayed in vivo hisT expression, and mapped in vivo hisT operon transcripts for the
Km" insertion mutants. We also analyzed polypeptides synthesized in minicells from plasmids containing Km*
cassettes. The combined results from these experiments demonstrate new features concerning the structure and
expression of the complex operon that contains hisT. We show that the minimum size of the operon is
approximately 3,500 base pairs and that it contains at least four genes, which are arranged in the order usg-2
(pdxB), usg-1, hisT, and dsg-1 and encode polypeptides with apparent molecular masses of 42,000, 45,000,
31,000, and 17,000 daltons, respectively. Of these genes, only the functions of usg-2 (pdxB) and hisT are known,
and genetic evidence suggests that these two genes do not require usg-I or dsg-1 for function. usg-2 (pdxB) is
required for growth of bacteria on minimal medium at 37°C. In contrast, the three genes at the end of the hisT
operon are dispensable and form a transcription unit that is expressed from a relatively strong internal
promoter. The phenotypes of the Km" insertion mutants and results from gene expression experiments further
confirm the position of the internal promoter and locate additional genetic signals in the DNA sequence around
hisT. The experiments reported here also indicate several interesting properties of the Km" cassette as a tool

for probing complex operons.

The formation of pseudouridine residues in bacterial
tRNA molecules is an important model for understanding the
genetic and physiological roles played by posttranscriptional
modification of stable RNA molecules (see references in
reference 13). To learn about the molecular control mecha-
nisms of genes that encode tRNA modification enzymes, we
are analyzing the structure and expression of the hisT gene
of Escherichia coli K-12. The gene product of hisT is
pseudouridine synthase I (PSUI), which synthesizes pseudo-
uridine residues present in the anticodon stem and loop of
over half of all bacterial tRNA species (19). Because the
function of so many cellular tRNA species is influenced by
PSUI-mediated pseudouridine modification, mutations in
hisT have strong pleiotropic effects on cellular metabolism
and regulation (see references in reference 13). For this
reason, hisT mutants have been particularly valuable in
studies of the effects of undermodification on translation
(17), attenuation (7, 11), and cellular physiology (11, 18, 19).

Our recent results establish that hisT is a member of a
complex operon in E. coli K-12 strains (1, 13). Using a
combination of approaches, we showed that there are at
least two genes, which we temporarily designated usg-2 and
usg-1, upstream from hisT in the operon (Fig. 1). The stop
codon of usg-1 overlaps the start codon of hisT by a single
nucleotide. This arrangement seems to cause translational
coupling between usg-1 and hisT, even though these two
genes appear to be structurally, functionally, and evolution-
arily unrelated (1). Furthermore, in quasi in vivo systems
such as minicells, molar expression of the usg-/ gene prod-
uct is at least 10-fold greater than that of PSUI. Although the
basis for this differential gene expression is not yet under-
stood, it might in part reflect the preponderance of rare
codons used in hisT (1). Upstream of usg-1, there is a third
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gene, usg-2, that is also part of the hisT operon (Fig. 1). An
insertion mutation in usg-2 results in a set of unusual
auxotrophic phenotypes, which is the subject of the accom-
panying paper (2). Expression in vivo of usg-1 and hisT
occurs from at least two promoters, P, and Py, (Fig. 1). The
internal promoter, P;,,, was localized near the end of usg-2.
Finally, previous results from S1 nuclease mapping experi-
ments showed that in vivo transcripts extend at least 105
nucleotides beyond the end of the hisT coding region to the
site labeled Clal (3836) in Fig. 1 and suggested that there are
additional genes downstream from hisT in the operon (1).
The important approach devised by Walker and his asso-
ciates (20) to insert antibiotic resistance cassettes at specific
positions in the bacterial chromosome potentially should be
extremely useful in structural analysis of complex operons
such as hisT. In this method, a cassette, which consists of an
antibiotic resistance gene flanked by polylinker cloning sites,
is inserted into a specific chromosomal restriction site con-
tained on a recombinant plasmid. The recombinant plasmid
is linearized with a restriction enzyme so that at least 300
base pairs (bp) of chromosomal DNA remain flanking the
cassette. Transformation of a recBC sbc mutant with the
linearized plasmid allows a double recombination to occur
that brings the cassette into the bacterial chromosome pre-
cisely at the site where it was cloned into the recombinant
plasmid. Since antibiotic resistance cassettes are not
transposons, insertion mutations constructed by this method
are stable and can easily be moved between genetic back-
grounds by generalized transduction with P1 bacteriophage.
In previous experiments, we made limited use of this
method of specific insertion mutagenesis to construct two
mutants that contain kanamycin resistance (Km") cassettes
in the bacterial chromosome at sites labeled HindIII (1518)
or PstI (2579) in Fig. 1 (1). These two mutants (NU400 and
NU399; Table 1) were useful in our initial characterization of
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FIG. 1. Restriction map showing the structure of the hisT operon. Distances between BglII (1) and EcoRV (1450) and between Clal (3836)
and Sall (6100) are based on mapping with restriction enzymes, while distances between EcoRV (1450) and Clal (3836) are based on the DNA
sequence (1). The boxes and numbers above the boxes show the coding regions of genes in the operon, where solid and dotted lines indicate
exact and approximate boundaries, respectively. The position of the internal promoter (P;,,) and approximate positions of at least one other
promoter (P,;) and the terminator at the end of the operon (t) are given. The solid triangles (A) designate the sites where Km" cassettes were
cloned in both possible orientations. Abbreviations: B1, Bgll; B2, BglIl; BE2, BstEIl; BH2, BssHII; C1, Clal; E1, EcoRI; E5, EcoRV; H3,

HindIIl; Hpl, Hpal; N1, Nrul; P1, PstI; S1, Sall; Sm1, Smal.

the hisT operon. In both constructions, transcription of the
kan and hisT genes was in the same direction so that the
insertions will be designated usg-2::Km'(HindIII)> and usg-
1::Km'(PstI)>, respectively. The usg-1::Km"(PstI)> muta-
tion abolished hisT expression, which appeared to be con-
sistent with translational coupling between expression of
these two genes (1, 13). In contrast, the wusg-
2::Km"(HindIII)> insertion reduced hisT expression by only
about 50%. Although this result was important because it
revealed the existence of usg-2, it was not possible to
interpret the remaining hisT expression in the usg-
2::Km"(HindIII)> mutant in terms of P;,, expression, be-
cause information was lacking about the polarity character-
istics of the Km" cassette (1).

In this paper, we report the construction of additional
strains containing Km" cassettes inserted in both transcrip-
tional orientations at several positions upstream from,
within, and downstream from hisT on recombinant plasmids
and in the bacterial chromosome. By assaying hisT expres-
sion in vivo for each of these new constructs and analyzing
the expression of gene products in minicell experiments, we
identified the reading frame and gene product of usg-2,
quantitated the relative in vivo expression of Py, and Py,
and discovered a downstream gene, dsg-1 (Fig. 1), in the
hisT operon. In addition, the results reported here reveal
several interesting properties of the Km" cassette as a
genetic tool to analyze the structure of complex operons. In
the accompanying paper, Km' cassette insertions are used to
show that usg-2 is actually pdxB (2).

MATERIALS AND METHODS

Materials. Restriction endonucleases, T4 DNA ligase used
in cloning, and polynucleotide kinase used for 5’ end labeling
were purchased from New England BioLabs, Inc. (Beverly,
Mass.). DNA polymerase I large fragment used to fill in sites
was purchased from Boehringer Mannheim Biochemicals
(Indianapolis, Ind.). RNase-free RQ1 DNase and S1 nucle-
ase used to map transcripts were purchased from Promega
Biotec (Madison, Wis.) and Bethesda Research Laborato-
ries, Inc. (Gaithersburg, Md.), respectively. Antibiotics and
biochemicals were from Sigma Chemical Co. (St. Louis,
Mo.) and P-L Biochemicals, Inc. (Milwaukee, Wis.). Ingre-
dients for culture media were from Difco Laboratories
(Detroit, Mich.). 3a70B scintillation cocktail and dimethyl-

dichlorosilane-treated glass wool used in PSUI enzyme
assays were purchased from Research Products Interna-
tional and Alltech Associates, Inc. (Applied Science Labs,
State College, Pa.), respectively. [S-*Hluridine (~20 Ci/m-
mol) used to make substrate for PSUI enzyme assays was
purchased from ICN Pharmaceuticals, Inc. (Irvine, Calif.).
[y-3?P]ATP (>5,000 Ci/mmol) used to 5’ end label fragments
and L-[**S]methionine (>800 Ci/mmol) used to label
polypeptides in minicells were purchased from Amersham
Corp. (Arlington Heights, Ill.).

Bacterial strains, media, and growth conditions. The bac-
terial strains constructed for this study are listed in Table 1.
Strains used in the experiments were isogenic derivatives of
a single-colony isolate of a W3110 prototroph (NU426; Table
1). Markers were moved between strains by generalized
transduction with P1 kc phage as described previously (15).
Transductants were tested for release of P1 kc phage during
growth at 42°C (8); none of the strains used in the experi-
ments appears to be a P1 kc lysogen. Minicell experiments
were performed with transformants of a single-colony isolate
of strain P678-54 (NU282; Table 1). Plasmids were intro-
duced into NU282 by a standard transformation protocol
that included treatment of bacteria with 10 mM MgSO, and,
in later steps, 50 mM CaCl, (9, 12). The structure of each
recombinant plasmid was rechecked by analysis with restric-
tion enzymes after isolation from the minicell-producing
strain.

Bacteria were cultured in LB medium supplemented with
30 g of L-cysteine per ml (LB + Cys) and in Vogel-Bonner
minimal (E) medium supplemented with 0.4% glucose (9).
When required, antibiotics were added to growth media at
concentrations suggested in references 9 and 12. Other
details about culture conditions are given in the tables and
figures.

Plasmids. The recombinant plasmids constructed for this
study are listed in Table 1. The kanamycin resistance (Km")
cassette was isolated from plasmid pMB2190, which was
obtained from B. Nichols. The Km" cassette in pMB2190 is
formally similar to the kanamycin resistance GenBlock
marketed by Pharmacia, Inc. (Piscataway, N.J.). B. Nichols
has noted that the Km" cassette in pMB2190 has acquired a
spontaneous internal deletion of about 200 bp in a region
between the polylinker and the start of the kan gene that
contained an inverted repeat (personal communication).
Thus, the properties of the Km" cassette reported in this
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype® Source? or reference
E. coli K-12
JC7623 arg ara his leu pro recB21 recC22 sbcBl5 thr A. J. Clark (20)
NU282 P678-54 ara azi gal leu lacY malA minA minB rpsL thi thr P. Matsumura (3)
tonA tsx xyl
NU399 NU426 usg-1::Km"(Pstl)> Arps et al. (1)
NU400 NU426 pdxB: : Km"(HindIII)> 1
NU402 NU426 pdxB: : <Km"(HindIII) 1
NU426 W3110 prototroph C. Yanofsky collection
NU5S9% JC7623 pdxB: : <Km"(Bgll) Transformation with linearized pNU97
NUS597 JC7623 pdxB: :Km*(Bgll)> Transformation with linearized pNU98
NUS598 JC7623 usg-1::<Km"(Pstl) Transformation with linearized pNU99
NUS599 JC7623 pdxB: : <Km"(EcoRV) Transformation with linearized pNU102
NU600 JC7623 pdxB: :Km'(EcoRV)> Transformation with linearized pNU103
NU601 JC7623 hisT: : <Km"(BstEII) Transformation with linearized pNU105
NU602 JC7623 hisT: : Km"(BstEIl)> Transformation with linearized pNU106
NU603 JC7623 dsg-1: : <Km"(Clal) Transformation with linearized pNU107
NU604 JC7623 dsg-1: :Km'(Clal)> Transformation with linearized pNU108
NUG605 NU426 pdxB: : <Km"(Bgll) NU426X P1 kc (NU596)
NU606 NU426 pdxB: : Km"(Bgll)> NU426X P1 kc (NU597)
NU607 NU426 usg-1:: <Km'"(PstI) NU426X P1 kc (NUS98)
NU608 NU426 pdxB: : <Km"(EcoRV) NU426X P1 kc (NU599)
NU609 NU426 pdxB: :Km"(EcoRV)> NU426X P1 kc (NU600)
NU610 NU426 hisT: : <Km'(BstEII) NU426X P1 kc (NU601)
NU611 NU426 hisT: : Km"(BstEIl)> NU426X P1 kc (NU602)
NU612 NU426 dsg-1: : <Km"(Clal) NU426X P1 kc (NU603)
NU613 NU426 dsg-1: :Km"(Clal)> NU426X P1 kc (NU604)
Plasmids
pACYC184 Replicon P15A; Cm* Tc" Chang and Cohen (5)
pBR322 Replicon ColE1l; Ap" Tcf Bolivar et al. (4)
pLC28-44 Replicon ColEl; hisT* purF* Koduri and Gots (10)
pMB2190 Km" in pBR327 derivative; Ap* Km" B. Nichols collection
v210 pBR322 (hisT* purF*); Ap" Marvel et al. (13)
¥300 pBR322 (HindIII (1518)-Clal (3836)); Ap" 13
pNU84 pACYC184 (HindIII (1518)-Clal (3836)); Cm" 13
pNUS8S pNU84 [usg-1::Km"(PstI)>]; Cm’ Km® Km" into PstI (2579)
pNU86 pBR322 (Hpal (640)-Clal (3836)); Ap" See Results
pNU93 pBR322 (BglII (1)-Clal (3836)); Ap" See Results
pNU9%4 pACYC184 (BgllI (1)-Clal (3836)); Cm* See Results
pNU97 pNU86 [pdxB: : <Km"(Bgll)]; Ap" Km* Km" into Bgll (1784)
pNU98 pNUS86 [pdxB: :Km"(Bgll)>]; Ap* Km" Km" into BglI (1784)
pNU99 pNU84 [usg-1:: <Km'(PstI)]; Cm" Km® Km" into Pst1 (2579)
pNU100 pNU% [pdxB: : <Km'(EcoRV)]; Cm" Km" Km" into EcoRV (1450)
pNU101 pNU% [pdxB: :Km"(EcoRV)>]; Cm* Km" Km' into EcoRV (1450)
pNU102 pNU86 [pdxB: : <Km"(EcoRV)]; Ap" Km* Km" into EcoRV (1450)
pNU103 pNUS86 [pdxB: :Km"(EcoRV)>1; Ap" Km" Km" into EcoRV (1450)
pNU104 pBR322 (HindIII (1518)-Nrul (5340)); Tc* See Results '
pNU105 pNU104 [hisT: : <Km"(BstEII)]; Km" Tc" Km" into BstEII (3323)
pNU106 pNU104 [hisT: : Km"(BstEIl)>]; Km* Tc* Km" into BstEII (3323)
pNU107 pNU104 [dsg-1: : <Km'(Clal)]; Km" Tc" Km" into Clal (3836)
pNU108 pNU104 [dsg-1: :Km"(Clal)>]; Km" Tc" Km" into Clal (3836)
pNU109 pBR322 (HindIII (1518)-Sall (6100)); Ap" See Results
pNU110 pNU109 [AhisT: : <Km"(BstEII)]; Ap* Km" Km" into BstEII (3323)
pNU112 pNU109 [dsg-1: : <Km'(Clal)]; Ap* Km" Km" into Clal (3836)

% < or > indjcates that the direction of transcription of kan in the Km" cassette is opposite to or the same as hisT, respectively. The restriction sites and the
numbers used to designate them refer to the map in Fig. 1. For simplicity, usg-2 (pdxB) is referred to as pdxB as shown in the accompanying paper (2). Km*
(restriction site) signifies the presence of a kanamycin resistance cassette cloned into that site, whereas Km® used as a phenotype indicates kanamycin resistance.
Cm", Chloramphenicol resistant; Tc", tetracycline resistant; Ap", ampicillin resistant.

® In plasmid constructions, two fragments with noncompatible ends were joined by converting sites to blunt ends before ligation (see Materials and Methods).

paper apply to the one isolated from pMB2190 and might not
apply to other Km" cassettes. However, there is a strong
possibility that analogous deletions have occurred in other
Km" cassette constructions propagated on multicopy plas-
mids.

DNA manipulations, restriction fragment isolation, and
cloning were done by well-established methods as described
previously (1, 13). Ends of restriction fragments containing
dissimilar ends were filled in (5’ overhang) or trimmed back

(3' overhang) by reactions catalyzed by the large fragment of
DNA polymerase I; the resulting blunt ends could then be
ligated together (see references 12 and 13). The structure of
each plasmid was verified by extensive analysis with restric-
tion enzymes. When the Km" cassette was inserted into a
site, the integrity of the regions flanking the cassette was
checked by determining that the closest possible restriction
sites which could be unambiguously analyzed were intact.
The direction of kan gene transcription, which is known
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usg-2 (pdxB)

Hind I 1540 1560 1580
A GcTTATAGCAAGTTTATTGGGCATGAACAGCACGTTGCGCTGGATACATTACTGCCTGCGC
AlaTyrSerLysPhelleGlyHisGluGlnHisValAlalLeuAspThrLeuLeuProAlaP
1600 1620 -35 1640
CAGAGTTTGGTCGCATTACGCTGCATGGCCCGCTCGATCAACCGACGCTGAAAAGGCTGGT
roGluPheG}yArgI leThrLeuHisGlyProLeuAspGlnProThrLeulLysArgLeuVa
-10 1660 44 1680 1700
GCATTTGGTGTATGATGTGCGCCGCGATGACGcAcCGCTGCGTAAAGTCGCCGGGATACCG
lHisLeuValTyrAspValArgAr gAspAspAlaProlLeuArglLysValAlaGlyIlePro
1720 1740 1760
GGTGAGTTCGATAAACTGCGCAAAAACTATCTTGAGCGCCGTGAATGGTCATCTCTGTATG
GlyGluPheAspLyslLeuArglLysAsnTyrLeuGluArgArgGluTrpSerSerLeuTyrV

1780 % 1800 1820
TAATTTGTGATGACGCCAGTGCGGCATCATTGCTGTGTAAACTGGGTTTTAACGCCGTTCA
allleCysAspAspAlaSerAlaAlaSerLeulLeuCysLysLeuGlyPheAsnAlaValHi

1840 msa 1880
TCATCCGGCAcGTTAATCTCTTCTTCATG%TCTCTv TGTAACATTGGCAGGGAGCTTTGC
sHigProAlaArgEnd u -

1900 sg 1920 1940
TATTTcTGGAGTAAACcAccATGTCTGAAGGCTGGAACATTGCCGTCCTGGGCGCAACT
MetSerGluGlyTrpAsnlleAlaValLeuGlyAlaThr

usg-1 hisT

S/
B GAGAAACTGGTGCAGGAGTATcTGTACTAATGTCCGACCAGCAACAACCGCCAGTTTAT

GluLysLeuValGl 1n6TU TereuTyrEnd
MetSerAspG1nG1nG1nProProvalTyr

hisT

3730 3750 3770
c TTTCTGGCEGACTAACGAGAATAATGCTCGGAACATTTCAGGCTGTA GCCAACGTAGTT#CA

PheLeuAlaAspEnd -
3810 di1 3830 ClaT

3790 S/
GCCTGAAAGATGACGAGTACAAGGéATAGGCAAATATGGACCTGATTTATTTCCTC'W

) © MetAsplLeulleTyrPheLeulleAsp
FIG. 2. Nucleotide sequence and genetic features of
intercistronic regions in the hisT operon. The positions of restriction
sites used in constructions, the internal promoter (Pi,), and Shine-
Dalgarno sequences (S/D) that precede coding regions are indicated.
Only the start of usg-1 is putative (see reference 1); all other
translation starts and stops are based on experiments described in
the text and on an amino acid sequence (PSUI, reference 1). The
inverted arrows mark strong dyad symmetries found between cod-
ing regions. (A) The end of the ysg-2 (pdxB) coding region and the
intercistronic region between usg-2 (pdxB) and the most likely start
of usg-1. (B) The overlap of the stop codon of usg-I with the start
codon of hisT. (C) The intercistronic region between hisT and dsg-1.

from the DNA sequence (16), was determined by digesting
with enzymes that cut both inside the Km® cassette (usually
Clal, HindIIl, or Xhol) and in the plasmid.

S1 nuclease mapping of transcripts. Total bacterial RNA
that was free of DNA was isolated from bacteria growing
exponentially in LB + Cys medium at 37°C by a hybrid of
several methods (see reference 1). Briefly, a 40-ml culture
was grown to about 5 x 10® cells per ml and then chilled.
Bacteria were collected by low-speed centrifugation for S
min at 4°C, and the pellet was rapidly suspended with
vortexing in 10 ml of 30 mM Tris hydrochloride-0.1 M
NaCl-1.0 mM EDTA-1.0% (wt/vol) sodium dodecyl sul-
fate-7.0 M urea (pH 7.3) that was heated to 96°C. After the
pellet dissolved, the extract was heated for 90 s longer at
96°C and then poured directly into a flask containing a
mixture of 7 ml of CHCls, 7 ml of H,O-saturated, redistilled
phenol, and 3.0 ml of 1.0 M sodium acetate (pH 5.2) that was
preheated to 65°C. The flask was rapidly swirled at 65°C for
4 min. The contents were poured into a 50-ml tube and
centrifuged at top speed (1,520 X g) in a swinging bucket
rotor of a tabletop centrifuge for 10 min at room tempera-
ture. The upper phase was added to a second flask contain-
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ing 7 ml of CHCI; and 7 ml of H,O-saturated phenol
preheated to 65°C, and the extraction and centrifugation
were repeated. The upper phase was added to a third flask
containing 14 ml of CHCIl; preheated to 65°C, and the
extraction and centrifugation were completed again. The
upper phase was added to a 30-ml Corex centrifuge tube
containing 1.3 ml of 3.0 M sodium acetate-1.0 mM EDTA
(pH 7.9). After mixing, 7 ml of the solution was distributed to
another 30-ml Corex tube, and 21 ml of 100% ethanol was
added to each tube. Each RNA pellet was collected by
centrifugation, washed with 70% ethanol, and suspended in
0.4 ml of 0.3 M sodium acetate. Each RNA solution was
extracted four times with anhydrous ethyl ether, and the
RNA was reprecipitated by adding 1.0 ml of 100% ethanol.
Each pellet was washed four times with 70% ethanol, dried
under vacuum at room temperature, and suspended in 0.4 ml
of H,0. The two RNA solutions were combined, distributed
into 100-pl aliquots, and stored at —70°C. The approximate
concentration of RNA was determined spectrophoto-
metrically from the A,q value.

Before use in S1 nuclease mapping experiments, the total
bacterial RNA was treated with RNase-free RQ1 DNase to
remove traces of DNA. Total RNA (250 pg) was digested
with about 14 U of RQ1 DNase in 40 mM Tris-hydrochlo-
ride-10 mM NaCl-6 mM MgCl, (pH 7.9) for 15 min at 37°C,
A 100-pl portion of phenol saturated with 10 mM Tris-
hydrochloride-1 mM EDTA (pH 7.9) (TE) was added to kill
the reaction. After centrifugation, the upper phase was

TABLE 2. hisT expression in bacteria containing Km" cassettes
inserted in or near hisT

L . Doubling time
Strai Position of K m (min) in Relative PSUI
train cassette in LB + Cys sp act®
chromosome at 37°Ct
1. W3110 None 27 =10
prototroph
(NU426)
2. NU608 <EcoRV (1450) 27 0.4
NU609 EcoRV (1450)> 27 0.4
3. NU402 <HindIII (1518) 28 0.5
NU400 HindIII (1518)> 29 0.5
4. NU605 <Bgll (1784) 31 0
NU606 Bgll (1784)> 31 <0.06
5. NU607 <Pstl (2579) 35 0
NU399 Pstl (2579)> 32 0
6. NU610 <BstEII (3323) 33 0
NU611 BstEII (3323)> 32 0
7. NU612 <Clal (3836) 27 0.6
NUe613 Clal (3836)> 27 0.6

2 Numbers refer to the restriction map in Fig. 1. < or > indicates that the
direction of transcription of kan in the Km" cassette is opposite to or the same
as hisT, respectively.

b Qvernight starter cultures of all strains except NU426 contained 50 pg of
kanamycin per ml in addition to LB + Cys. Final cultures, which lacked
antibiotic, were inoculated with a small volume of starter culture (<2%) and
were incubated with vigorous shaking. Values are averages of three indepen-
dent determinations.

¢ PSUI specific activity was determined for exponentially growing bacteria
as described previously (13). PSUI specific activity in the parent strain NU426
was 560 cpm of *H released per min per mg of protein of cellylar extract
prepared by sonic disruption. Values are averages of at least two independent
determinations.
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removed to an empty tube, the phenol was washed with 100
wl of fresh TE, the wash was combined with the original
upper phase, and the RNA solution was extracted with
ether. Finally, the RNA was precipitated by adding ethanol,
washed with 70% ethanol, dried, and suspended in H,O.
Except for the RNA isolation, the S1 nuclease mapping
experiments were performed exactly as described before (1).

Other methods. The Km" cassette was crossed into the
bacterial chromosome from linearized plasmids as described
previously (1, 20). The correct location of the Km® cassette
in the chromosome of strains NU399 and NU400 was
verified by Southern hybridization analysis (2), which con-
firmed that the method of specific insertion mutagenesis was
working properly in our strains. PSUI enzyme assays and
minicell experiments were performed as detailed earlier (13).
Antibiotic selection was maintained in all cultures of
minicell-producing strains before the isolation of minicells.
Molecular weights of the usg-2, dsg-1, and dsg-2 poly-
peptides were determined from sodium dodecyl sulfate-poly-
acrylamide gels relative to the following standard
polypeptides: cat (22,500), trpA (28,700), bla (30,000), hisT
(30,400), kan (30,700), usg-1 (45,000), trpB (45,700), trpC
(55,700), and purF (56,400) (13).

RESULTS

Cloning the usg-2 and dsg-1 regions. In earlier experiments,
we characterized and determined the nucleotide sequence of
the HindIII (1518)-Clal (3836) restriction fragment that con-
tains hisT (1, 13). Throughout this paper, the numbers used
to designate restriction sites refer to the map in Fig. 1. In our
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FIG. 3. S1nuclease mapping of in vivo transcripts synthesized in
the W3110 parent (NU426) and in a usg-2 (pdxB)::<Km"(HindIII)
insertion mutant (NU402). Approximately 100 ug of total bacterial
RNA, which was isolated from the two strains during exponential
growth in LB + Cys medium at 37°C, was hybridized to 5’-end-
labeled template strand of the HindIII (1518)-EcoRI (2086) fragment
as described in Materials and Methods. After treatment with S1
nuclease for 15 min (lanes 1 and 3) or 30 min (lanes 2 and 4), samples
were analyzed by gel electrophoresis (see Materials and Methods).
The positions of protected DNA segments corresponding to tran-
scription initiations at P,, and P;, are indicated. Lanes 1 and 2,
NU426 RNA; lanes 3 and 4, NU402 RNA. Laser densitometer
tracing indicated that the ratio of Py, to Py, transcripts was 1.1 or
<0.1 for lanes 1 and 2 or 3 and 4, respectively.
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initial constructions, this 2,318-bp fragment was ligated to a
HindlIII-Clal fragment of pBR322 to give plasmid ¥300 and
to a HindIII-BamHI fragment of pACYC184 to give plasmid
pNUB84 (Table 1) (13). The HindIII (1518)-Clal (3836) frag-
ment was originally isolated from a 22-kilobase Clarke-
Carbon plasmid, pL.C28-44. Therefore, to further character-
ize the region upstream from the hisT operon, we completed
a limited restriction map of pLC28-44 upstream of the
HindIII (1518) site (Fig. 1). We then cloned this region by
ligating together the following restriction fragments: (i) Bg/II
(1)-Clal (3836) of pL.C28-44 to BamHI-Clal of pBR322 to
give pNU93; (ii) Bglll (1)-Clal (3836) of pLC28-44 to
BamHI-HindIlI of pACYC184 to give pNU94 (in which the
Clal (3836) and HindIII sites were filled in before ligation);
and (iii) Hpal (640)-Clal (3836) of pL.C28-44 to Ball-Clal of
pBR322 to give pNU86 (Table 1). The minicell experiments
described later in this paper and complementation experi-
ments detailed in the accompanying paper (2) confirm that
plasmids pNU86, pNU93, and pNU94 each contain an
intact, functional copy of usg-2.

We isolated the region downstream from hisT by starting
with the 14-kilobase plasmid ¥210, which is a subclone of
pLC28-44 that was described previously (13). After complet-
ing a limited restriction map of ¥210, we ligated the HindIII
(1518)-Nrul (5340) fragment of ¥210 to the HindIII-Scal
fragment of pBR322 to give pNU104 and the HindIII (1518)-
Sall (6100) fragment of ¥210 to the HindIII-Sall fragment of
pBR322 to give pNU109 (Fig. 1; Table 1). Results from
minicell experiments presented later in this paper suggest
that the operon may extend only about 600 bp downstream
from hisT (Fig. 1).

Construction and growth characteristics of Km" insertion
mutants. We cloned single Km" cassettes into the plasmids
described in the preceding section to give insertions at each
of the six restriction sites marked by triangles in Fig. 1
(Table 1). For each construction, the integrity of the DNA
flanking the Km" cassette and the orientation of the kan gene
were checked by analysis with restriction enzymes (see
Materials and Methods). Plasmids were obtained with the
kan gene inserted at each restriction site in the same or in the
opposite transcriptional direction as hisT (Table 1). These
plasmids were then used to cross the Km" cassettes into the
bacterial chromosome by the method outlined in the Intro-
duction. As the final step in these constructions, all Km"
insertions were transduced into an isogenic W3110 proto-
trophic background.

Bacteria containing a Km" cassette at EcoRV (1450) or
BgllI (1784) (Fig. 1) had the same set of unusual auxotrophic
phenotypes as those with an insertion at HindIII (1518). This
observation demonstrates that insertion into any of these
three closely spaced chromosomal sites most likely inacti-
vates the same gene, which we called usg-2. The distinctive
physiology of usg-2::Km" mutants is described in the accom-
panying paper (2). Inspection of the DNA sequence from this
region indicates that only one possible open reading frame is
consistent with gene inactivation at HindIII (1518) and Bgll
(1784); therefore, this open reading frame must represent the
carboxyl terminus of the usg-2 gene product (Fig. 2; see
Discussion).

Mutants with a Km" insertion at PstI (2579), BstEII (3323),
or Clal (3836) (Fig. 1) remained prototrophic and grew on
LB + Cys and minimal (E) plus glucose media at 25, 30, 37,
and 42°C (data not shown). However, insertion at PstI (2579)
or BstEIl (3323), both of which are in usg-1 and hisT,
respectively (Fig. 1), did cause the bacteria to grow about
15% slower than the W3110 parent in LB + Cys medium at
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FIG. 4. Polypeptides synthesized in minicells from recombinant plasmids containing Km" cassettes upstream, within, and downstream
from hisT in the operon. The plasmids, which are listed in Table 1 and described in the text, were transformed into strain P678-54 (NU282),
and minicells were isolated and labeled with [>**S]methionine as described in the Materials and Methods. An approximately equal number of
trichloroacetic acid-precipitable counts were added to the lanes in each panel. The locations and molecular masses of gene products encoded
by chromosomal inserts (usg-1, usg-2, hisT, dsg-2, and dsg-1), by cloning vectors (bla, cat, tet), and by the Km" cassette (kan) are indicated.
(A) Analysis of expression upstream from AisT in the operon. Lanes: 1, pACYC84; 2, pNU84; 3, pNUSS; 4, pNU99; 5, pNU93; 6, pNU94;
7, pNU100; 8, pNU101. (B) Analysis of expression downstream from hisT in the operon. Lanes: 1, pBR322; 2, pNU84; 3, ¥210; 4, pNU104;

S, pNU105; 6, pNU106; 7, pNU107; 8, pNU108. kdal, Kilodaltons.

37°C (Table 2, entries 1, 5, and 6). This reproducible reduc-
tion in growth rate is characteristic of bacteria that lack
PSUI activity (11). The usg-2::Km'(Bg/I) mutants also grew
about 15% slower than the parent and the other two usg-
2::Km" mutants (Table 2, entries 1, 2, 3, and 4). Finally,
bacteria containing a Km" insertion at Clal (3836) had
essentially the same growth characteristics as the W3110
parent on all media and at all temperatures tested (Table 2,
entries 1 and 7; data not shown). Elsewhere in this paper, we
show that Clal (3836) is in a downstream gene of the hisT
operon, which we temporarily designated dsg-1. Clearly,
dsg-1, like usg-1 and hisT, is dispensable for growth of
bacteria on defined media.

Expression of hisT in Km" insertion mutants. Results from
previous S1 nuclease mapping experiments suggest that an
internal promoter, Py, exists and is located at position 1665
between HindIII (1518) and Bgll (1784) (Fig. 1) (1). If the
interpretation of these experiments was correct, then a
transcriptional block placed at Bgl/l (1784) should eliminate
hisT expression from P, and P;,, whereas a transcriptional
block placed at EcoRV (1450) or HindIII (1518) should allow
hisT to be expressed only from P;,,. The results presented in
Table 2 confirm these predictions. The usg-2::<Km'(Bgll)
insertion eliminated hisT expression, while the usg-
2::Km'(Bgll)> insertion reduced hisT expression by at least
17-fold (Table 2, entry 4). This result shows that the Km"
cassette is extremely polar in the bacterial chromosome and
that there are no additional promoters between Py, and hisT.
Furthermore, elimination of hisT expression accounts for the
reduced growth rate of usg-2::Km"(Bgl/l) mutants (Table 2)
(see above). Finally, the lack of hisT expression in usg-
2::Km'(Bgll) mutants shows that P;, occurs in the coding
region of usg-2 as depicted in Fig. 1 and 2.

In contrast, usg-2::Km"(EcoRV) and usg-2::Km"(HindIII)

insertions reduced hisT expression by only 50 to 60% (Table
2, entries 2 and 3). Based on the strong polarity character-
istics of the Km" cassette and the independence of the data
on the orientation of the cassette (Table 2, entries 2 and 3),
it might be concluded that about 50% of hisT expression
originates at P;,, in bacteria growing in LB + Cys medium at
37°C. To test this conclusion further, we mapped in vivo
transcripts synthesized in the W3110 parent strain and
usg-2::<Km"(HindIlI) mutant with S1 nuclease (Fig. 3).
Single-stranded HindIII (1518)-EcoR1 (2086) DNA that was
5’ labeled with 3P at its EcoRI end was hybridized to
approximately the same amount of total RNA prepared from
the two strains, which had been growing exponentially in LB
+ Cys medium at 37°C. In the parent strain, transcripts
initiated at P,, and P;, were detected in nearly equal
amounts (Fig. 3, lanes 1 and 2). In contrast, the only
transcripts detected in the wusg-2::<Km(HindIII) mutant
originated at Pi,; the P, transcripts were completely gone
(Fig. 3, lanes 3 and 4). The apparent slight increase (~1.3-
fold by densitometry) in Pj,-initiated transcripts in the
mutant (lanes 3 and 4) compared with the parent (lanes 1 and
2) might simply reflect small differences in the amount of
total RNA used in each hybridization reaction. Thus, these
data support the conclusion that about 50% of hisT transcrip-
tion initiates at P;,, in bacteria growing in rich medium. In
addition, the data directly confirm that the Km" cassette
inserted into the bacterial chromosome can cause strong
transcriptional polarity.

On the basis of the ability of the Km" cassette to cause
polarity and to disrupt genes, we expected insertion into the
coding regions of usg-1 or hisT to eliminate hisT expression
(Table 2, entries 5 and 6). However, it should be noted that
because the polarity caused by the Km" cassette appears to
be so strong, the lack of hisT expression in usg-1::Km"(PstI)
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mutants can no longer be interpreted as indirect evidence for
translational coupling between expression of usg-I and hisT
(see Introduction and reference 1). Surprisingly, insertion of
the Km" cassette into Clal (3836), which is 105 bp down-
stream from hisT, also reproducibly reduced hisT expression
in vivo (Table 2, entry 7). In the next section, we show that
Clal (3836) is contained in the coding region for a 17,000-
dalton dsg-1 polypeptide. Therefore, it is possible that the
dsg-1 gene product is necessary for full hisT expression.
However, this explanation is unlikely for several reasons
(see Discussion); instead, we think it more likely that hisT
and dsg-1 are encoded by a polycistronic mRNA molecule
whose stability is decreased by insertion of the Km" cassette.
Thus, based on our results it appears that insertion of the
Km" cassette into a multigene operon can reduce in vivo
expression of both upstream and downstream genes.

Expression of hisT operon genes in minicells. We reasoned
that the knockout mutations and polarity caused by the Km"
cassettes in vivo could also be used to study the structure of
the hisT operon in recombinant plasmids. In addition, we
wanted to identify the usg-2 and putative dsg-/ gene prod-
ucts and to determine their expression relative to the usg-1
and hisT gene products. Consequently, we examined the
polypeptides synthesized in minicells from the recombinant
plasmids and their Km" derivatives described above. To our
surprise, the strong polarity caused by the Km" cassette in
the bacterial chromosome was not apparent for expression
from plasmids in minicells. Further analysis demonstrated
that reduced polarity is a property of the minicell system,
since the Km' cassette caused strong polarity on expression
from the same recombinant plasmids contained in exponen-
tially growing bacteria rather than in minicells.

Plasmid pNU84 contains the HindIII (1518)-Clal (3836)
fragment in vector pACYC184 and expressed the usg-/ and
hisT (PSUI) gene products as reported before (Fig. 4A, lane
2) (13). Insertion of the Km" cassette into pNU84 at PstI
(2579) eliminated the usg-I gene product (Fig. 4A, lanes 3
and 4) and confirmed that this region encodes usg-1 (Fig. 1).
Concomitant changes in the amount of hisT gene product
(PSUI) could not be measured in these experiments because
the kan and hisT polypeptides comigrated in our gel system.
Figure 4A also shows the polypeptides synthesized from
plasmids pNU93 (lane 5) and pNU94 (lane 6), which contain
the BglII (1)-Clal (3836) fragment cloned into pBR322 and
pACYC184, respectively. Comparison of polypeptides syn-
thesized from pACYC184 (lane 1), pNU84 (lane 2), and
pNU94 (lane 6) revealed that a 42,000-dalton polypeptide
was synthesized from the region upstream of usg-1 and hisT.
Furthermore, insertion of the Km" cassette into the EcoRV
(1450) site of pNU94 caused the 42,000-dalton polypeptide to
disappear (Fig. 4A, lanes 7 and 8). Since we established
above that EcoRV (1450) is in usg-2, we conclude that this
42,000-dalton polypeptide is the usg-2 gene product. Be-
cause the stop codon of usg-2 occurs at position 1,840 (Fig.
2 and Discussion), the approximate molecular mass of 42,000
daltons for the usg-2 gene product localizes P,, near or
before position 740 (Fig. 1).

In analogous minicell experiments, we found that plasmid
pNU86, which contains the Hpal (640)-Clal (3836) fragment
in vector pBR322, also expressed the 42,000-dalton polypep-
tide (data not shown). This result is consistent with the
observation that pNU86 and pNU94 complement usg-2
mutants (2). However, the ratio of usg-2 polypeptide to
usg-1 polypeptide was noticeably less from pNU86 than
from pNU94 (Fig. 4A, lane 6; data not shown). One expla-
nation for this lower relative expression is that the 640-bp
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region upstream of usg-2, which is present in pNU94 but not
in pNU86, contains a promoter or other genetic element that
enhances usg-2 expression. This conjecture remains to be
tested. Insertion of the Km' cassette at EcoRV (1450),
HindIIl (1518), or Bgll (1784) in pNU86 eliminated the
42,000-dalton polypeptide and again supports the conclusion
that this polypeptide is the usg-2 gene product. Unexpect-
edly, the usg-2::<Km'(Bgll) insertion, which eliminated
chromosomal hisT expression (Table 2), was only moder-
ately polar on usg-1 expression from plasmids in minicells
(data not shown). This discrepancy in polarity levels caused
by insertion of the Km" cassette into the chromosome versus
into plasmids in minicells is considered below. Nevertheless,
because the pNU86 [usg-2::<Km"(Bgll)] plasmid (pNU97)
was used to construct the wusg-2::<Km'(Bgll) mutant
(NUG605), the expression of intact usg-/ gene product from
the plasmid verifies-that the lack of hisT expression in the
mutant (NU605; Table 2) was not caused by an undetected
disruption of usg-1 that occurred during the constructions.

Figure 4B presents an analysis of expression of genes
located downstream from hisT. Plasmid pNU104, which
contains the HindIII (1518)-Nrul (5340) fragment in vector
pBR322, expressed the usg-1 and hisT gene products and a
17,000-dalton polypeptide (Fig. 4B, lane 4). Insertion of the
Km' cassette into pNU104 at Clal (3836) specifically elimi-
nated the 17,000-dalton polypeptide (Fig. 4B, lanes 7 and 8).
Other minicell experiments showed that a 2-bp insertion
mutation constructed by filling in the Clal (3836) site of
pNU104 also specifically eliminated the 17,000-dalton poly-
peptide (data not shown). Because in vivo transcripts extend
from hisT to at least Clal (3836) (see Introduction), we
conclude that the dsg-I gene that encodes the 17,000-dalton
polypeptide is part of the hisT operon. Furthermore, inspec-
tion of the DNA sequence between the end of hisT and Clal
(3836) indicates that only one translational start codon can
account for knockout and frameshift mutations at Clal
(3836). Therefore, this start codon must correspond to the
amino terminus of the dsg-I gene product (Fig. 2; see
Discussion), and dsg-1 must extend to about position 4,260
to accommodate the coding region for a 17,000-dalton poly-
peptide (Fig. 1).

Insertion of the Km" cassette into pNU104 at BstEII (3323)
substantiated that hisT and dsg-I are members of the same
operon. The hisT::<Km'(BstEIl) insertion in pNU104 was
moderately polar on dsg-I expression and reduced the
amount of dsg-1 polypeptide by about three- to fourfold (Fig.
4B, lane 5). In contrast, the hisT::Km"(BstEII)> insertion in
pNU104 did not appreciably affect dsg-I expression (Fig. 3,
lane 6). Thus, unlike chromosomal insertions (Table 2), the
Km" cassette is only moderately polar in one orientation on
expression from plasmids in minicells.

We wanted to learn whether this reduced polarity is a
property of the minicell system or a general property of
expression from our plasmid constructs. To distinguish
between these possibilities, we took advantage of the ab-
sence of chromosomal hisT gene expression in strains
NU605 and NU606, which contain the usg-2::<Km"(BgllI)
and usg-2::Km"(BglI)> insertions, respectively (Table 1). If
the Km" cassette is strongly polar on downstream gene
expression in plasmids pNU97 (pNU86 [usg-
2::<Km"(BglI)]) and pNU98 (pNU86 [usg-2::Km"(Bgl)>]),
then strains NU605(pNU97) and NU606(pNU98) should
contain much lower PSUI activity than strains containing the
multicopy pNU86 parent plasmid (13). In contrast, if the
Km" cassette is only weakly polar on downstream gene
expression from plasmids as we observed in minicells, then
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PSUI activity in strains NU605(pNU97) and NU606(pNU98)
should be high compared with the single-copy, chromosomal
level. The results from this type of experiment showed that
the Km" cassette reduced plasmid-encoded hisT expression
by 38-fold in strain NU605(pNU97) (<Km") and by 16-fold in
strain NU606(pNU98) (Km">) (data not shown). Analogous
experiments with strains NU607(pNU99) (usg-
I::<Km"(PstI)) and NU399(pNUS8S5) (usg-I1::Km"(PstI)>)
also indicated extremely strong polarity (>76-fold), although
this effect might in part reflect loss of translational coupling
between usg-1 and hisT. Thus, we conclude that the relative
lack of polarity on downstream gene expression caused by
insertion of the Km" cassette into plasmids is a property of
the minicell system rather than the plasmids themselves.

Returning to Fig. 4B, comparison of the polypeptides
synthesized from pNU104 (lane 4) with those from plasmid
pNU109, which contains the HindIII (1518)-Sall (6100)
fragment in vector pBR322, indicates that a 35,000-dalton
polypeptide is encoded by the region that spans Nrul (5340)
(data not shown). The band that corresponds to this second
downstream (dsg-2) gene product is particularly prominent
and, as expected, was also produced by parent plasmid
¥210, which extends far beyond Sall (6100) to at least purF
(Fig. 4B, lane 3) (13). A hisT::<Km'(BstEIIl) insertion in
pNU109 reduced the amount of dsg-I polypeptide by three-
to fourfold but did not affect the amount of dsg-2 gene
product (data not shown). Similarly, a dsg-I1::<Km"(Clal)
insertion in pNU109 did not affect the amount of dsg-2
polypeptide. Therefore, dsg-2 does not seem to be part of the
hisT operon, and dsg-1 is possibly the last gene in the hisT
operon. This issue should be definitively resolved by DNA
sequence analysis and S1 nuclease mapping experiments
which are currently in progress (C. Marvel, personal com-
munication).

Finally, as noted before, there appears to be strong
differential expression between usg-1 and hisT in minicells,
in maxicells, and in a coupled in vitro transcription-
translation system (13). The minicell experiments presented
in this paper extend this observation by showing that the
hisT gene product appears to be synthesized at a much lower
level than the other three polypeptides encoded by the
operon (Fig. 4A, lanes 2 and 6, and B, lanes 2 and 4).
Densitometer tracing of gels containing polypeptides labeled
with [*S]methionine in minicells indicates that the usg-2
(pdxB), usg-1, hisT, and dsg-1 polypeptides were synthe-
sized in a relative ratio of 0.3:1.0:0.07:0.6. Thus, even
without correcting for the unknown methionine contents of
usg-2 (pdxB) and dsg-1, it is clear that hisT seems to be
expressed at a much lower level than adjoining genes in the
operon. Experiments currently in progress should determine
whether differential expression of the hisT operon actually
occurs in exponentially growing bacteria.

DISCUSSION

The results reported in this paper reveal new aspects
about the structure and expression of the complex operon
that encodes the tRNA modification enzyme PSUI. Besides
hisT, the operon contains at least three additional genes,
which we have temporarily called wusg-2, usg-1, and dsg-1
(Fig. 1). Of these four genes, only usg-2 is absolutely
required for growth of bacteria on minimal (E) plus glucose
medium at 37°C. The other three genes, usg-1, hisT, and
dsg-1, are dispensable for growth on defined media at
temperatures ranging from 25 to 42°C (see Results). How-
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ever, usg-2, usg-1, and hisT mutants that lack PSUI enzyme
activity did grow slower than their W3110 parent (Table 2).
Presently, we do not know the functions of usg-1 or dsg-1,
although the mutants constructed for this study should help
identify these genes. In the accompanying paper, we de-
scribe the unusual phenotypes of usg-2 mutants, demon-
strate that usg-2 is pdxB, which encodes an enzyme involved
in the biosynthesis of the essential coenzyme pyridoxal
phosphate, and consider possible reasons for grouping pdxB
and hisT together in the same operon (2).

The results presented here also show that usg-2 (pdxB)
starts about 2,200 bp upstream from the start of hisT (Fig. 1)
and encodes a 42,000-dalton polypeptide (Fig. 4). At least
one promoter (Py) is located upstream of usg-2 (pdxB) (Fig.
1 and 3). We are presently determining whether usg-2 (pdxB)
is the first gene in the hisT operon or whether additional
genes precede it. The positions of insertion mutations that
inactivate usg-2 (pdxB) expression in vivo are consistent
with only one open reading frame in the DN A sequence from
the region containing the end of usg-2 (pdxB). The 106 amino
acids that form the carboxyl terminus of the usg-2 (pdxB)
polypeptide are shown in Fig. 2A. Unlike the hisT coding
region, this segment, which makes up about 10% of usg-2
(pdxB), is not particularly rich in rare codons. Expression of
the usg-2 (pdxB) polypeptide in minicells seems to be com-
parable to expression of the usg-1 and dsg-1 polypeptides,
whereas expression of PSUI occurs at a much lower level
(Fig. 4). The rare codon usage found in hisT has been
suggested as a factor that contributes to this pattern of
differential expression (1), although this notion needs to be
rigorously tested.

Transcription of usg-1, hisT, and dsg-1 is initiated in vivo
from P, and from an internal promoter (P;,) located in the
usg-2 (pdxB) coding region 176 bp upstream from the end of
the gene (Fig. 2A). Our data indicate that P, is relatively
strong in vivo; fully half of the AisT transcripts initiate at P;,,
in bacteria growing exponentially in rich medium at 37°C
(Table 2; Fig. 3). We noted before that P, contains a
sequence similar to the discriminator region of stringently
controlled promoters (1). The mutants constructed in this
study will be useful in experiments to analyze P;, function
independent of P, (Table 2).

Inspection of the DNA sequence indicates that the end of
usg-2 (pdxB) and the putative start of usg-I are separated by
a 65-bp intercistronic region (Fig. 2A). For comparison, Fig.
2B also shows the overlapping stop and start codons of usg-1
and hisT; an arrangement that appears to cause translational
coupling between expression of these two genes (1, 13).
Results from minicell experiments confirm that usg-1 en-
codes a polypeptide which migrates on sodium dodecyl
sulfate-polyacrylamide gels with an apparent molecular mass
of 45,000 daltons (Fig. 4) (13). Furthermore, the combined
results from previous S1 nuclease mapping experiments (1)
and the current gene disruption (Table 2 and text) and
minicell experiments (Fig. 4) show that there is another gene
in the operon (dsg-I) which must start 82 bp downstream
from the end of hisT (Fig. 2C). Because dsg-1 encodes a
17,000-dalton polypeptide (Fig. 4), the operon extends at
least 500 bp beyond the end of hisT (Fig. 1). In addition, the
lack of polarity caused by insertions in hisT or dsg-I on
expression of another gene downstream from dsg-1 suggests
that dsg-1 may be the last gene in the operon (see Results);
thus, the minimum size of the hisT operon is approximately
3,500 bp (Fig. 1). Finally, the intercistronic region between
hisT and dsg-1, like the one between usg-2 (pdxB) and usg-1,
contains a segment of especially strong dyad symmetry (Fig.
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2A and C); however, we presently do not know whether
these structures play functional roles.

As noted above, the last three genes of the hisT operon are
transcribed from both P, and Pi,. In addition, these same
three genes are dispensable for growth of the bacteria under
standard laboratory conditions. Earlier results showed that
usg-1 and hisT appear to be functionally unrelated, even
though they are closely associated in the operon (1). Our
current results suggest that dsg-1 and hisT are also function-
ally unrelated. Insertion mutations right at the start of the
dsg-1 coding region completely eliminate the dsg-I gene
product (Fig. 4B). Surprisingly, these insertions reduce in
vivo expression of the upstream hisT gene (Table 2); how-
ever, the effect is less than twofold. If intact dsg-1 gene
product was required for hisT expression, we would expect
a much greater reduction in PSUI activity in dsg-1 knockout
mutants. In addition, a multicopy plasmid that contains hisT
but lacks dsg-1 (¥300) overexpresses PSUI to the same
extent as a related plasmid that contains an intact copy of
both genes (¥210) (13); again, it appears that the dsg-1 gene
product is not required for PSUI function. We will begin to
understand why usg-1, hisT, and dsg-1 are organized into a
transcription unit under the control of P;,, when we identify
usg-1 and dsg-1.

The results discussed in this paper are based on the use of
a kanamycin resistance (Km") cassette to disrupt genes in the
bacterial chromosome or on recombinant plasmids. Besides
providing new information about the structure of the hisT
operon, these experiments indicate several interesting prop-
erties of the Km" cassette as a genetic tool to probe complex
operons. In either orientation, the Km" cassette seems to be
strongly polar in exponentially growing cells on chromosome
(Table 2)- and plasmid-encoded (see text) gene expression
downstream from the gene containing the insertion. In
addition, expression of genes upstream of the Km" cassette
can be reduced (Table 2), perhaps by destabilizing the 3’ end
of mRNA molecules. Thus, in the bacterial chromosome and
in recombinant plasmids contained in exponentially growing
cells, the Km" cassette can be a powerful tool for showing
the relationship between genes in complex operons.

By contrast, the Km" cassette is moderately polar on
downstream gene expression from plasmids in minicells only
when kan gene and operon transcription are in opposite
directions (Fig. 4). When kan gene and operon transcription
are in the same direction, expression of downstream genes
from plasmids often increases (Fig. 4). Experiments de-
scribed in the Results indicate that reduced polarity seems to
be a property of the minicell system. This notion is sup-
ported by our observation that the classical polarity ex-
pected from certain small internal deletions in the hisT
operon is also absent from plasmids in minicells. We suspect
that the Km" cassette supplies transcription termination sites
that are highly efficient in exponentially growing cells, but
not in minicells. One likely possibility is that termination
factors such as rho become depleted during isolation of the
minicells; this conjecture remains to be tested. We also have
not investigated whether apparent lack of transcription ter-
mination on plasmids is specific to minicells prepared from
strain P678-54.

Another property of the Km" cassette used in this study is
the lack of significant levels of transcription from its ends.
Roth and his associates (6) observed that transcription
emerges from the ends of several commonly used trans-
posons. Consequently, these transposons are polar on down-
stream gene expression only when they insert upstream of
strong rho-dependent termination sites. For the Km' cas-
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sette, insertion into Rosenberg promoter analysis vectors
(14) shows that transcription emerges from the Km' cassette
when kan and galK are in the same orientation; however,
when kan and galK are in the opposite orientation, there is
no apparent galK transcription initiated from within the Km"
cassette (J. Malakooti and P. Matsumura, personal commu-
nication). The data presented here are consistent with the
latter result. When kan gene and hisT operon transcription
are in opposite directions, there is complete polarity on
downstream gene expression in exponentially growing cells
(NUG605; Table 2 and text). When kan gene and hisT operon
transcription are in the same direction, there is still ex-
tremely strong polarity; however, now there is very slight
downstream gene expression (NU606; Table 2 and text).
This knowledge of the polarity characteristics of the Km’
cassette in exponentially growing bacteria and in minicells
should be of practical importance when applying the new
methods of specific insertion mutagenesis.
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